Objectives: Although many studies about breast contrast-enhanced ultrasound had been conducted, clear diagnostic criteria for evaluating enhancement patterns are still lacking. This study aims to identify significant indicators for breast contrast-enhanced ultrasound and to establish an initial scoring system.
Introduction
The incidence of breast cancer increases each year, and an increasing number of young women suffer from this disease [1] . How to prevent is unknown. The only method to improve the effectiveness of treatment and reduce the death rate is early detection through screening. The prognosis of breast cancer detected in early phases is good [2] . Most Chinese women have relatively small and dense breasts, complicating the interpretation of traditional mammography images [3] . Therefore, sonography is used as the primary clinical work-up tool for Chinese women.
With the development of new techniques, ultrasound now plays an important part in the diagnosis of breast lesions [4] . New imaging technologies include three-dimensional ultrasound, elastography and contrast-enhanced ultrasound (CEUS). Using these techniques, breast lesions can be analyzed in terms of shape, elasticity, and flow. Two-dimensional (2D) ultrasound is the basis of breast cancer diagnosis. Breast imaging reporting and data system (BI-RADS) has also been used for breast ultrasound and can facilitate treatment selection. A lesion categorized as BI-RADS 4 requires a biopsy or short-term follow-up. The incidence of malignancy in these lesions ranges from 3%-94% [5] . Our goal is to reduce unnecessary biopsies and increase diagnostic accuracy through the use of a single examination. New ultrasonic techniques offer this possibility. The elasticity of breast lesions can be evaluated by elastography. Elastography has been verified as useful in early breast cancer detection [6] [7] [8] [9] [10] [11] , and a diagnostic standard has been developed [11] .
CEUS has progressed rapidly in the past two decades [12] [13] . This technique is based on the detection of blood supply in and around the lesion. In the early 1990s, CEUS was applied for the examination of breast lesions. Most studies involved the enhancement of color Doppler signal using a contrast agent. Tiny vessels of the breast lesions could not be detected by color Doppler, because of the low velocity and patient breathing or heart beat artifacts [14] . Various studies have demonstrated that a contrast agent, which confined to vascular lumen, improved color Doppler signals [15] [16] [17] . Anatomic and dynamic features were better depicted for differential diagnosis [18] . Benign breast lesion vessels are singular and circumferential, with a regular and tapering course. Malignant breast lesion vessels are tortuous, and vessel knot can be detected [19] . In addition, malignant breast masses have more peripheral vessels than benign breast masses at baseline or after contrast material administration [20] . However, diagnostic capability of contrast-enhanced power Doppler sonography is considered to be limited [21] [22] .
In the past 10 years, breast real-time CEUS has been greatly developed. It involves quantitative and qualitative studies. Quantitative assessment mainly concerns time-intensity curves. After contrast agent injection, bubbles flushed in and out of malignant lesions faster than of benign lesions. Peak enhancement density is higher in malignant lesions [23] [24] . The good correlation with MRI results has indicated that quantitative assessment is reliable [25] [26] [27] . Qualitative analysis concerns enhancement patterns that have been reported to be different between benign and malignant lesions [28] [29] . However, the effectiveness of breast CEUS remains unclear, and the lack of clear diagnostic criteria has limited its wider application.
We attempted to identify significant enhancement patterns for breast tumor differentiation. Binary logistic regression analysis has long been widely used in various areas of medical research. Logistic regression models have several advantages for the multiple variable analysis of etiology, including providing exact probabilities for data that are not normally distributed. So far as we know, this study is the first to analyze breast CEUS pattern using a logistic regression model.
In this study, binary logistic regression was used to analyze the enhancement patterns of breast lesions. A logistic regression model was constructed to identify the most significant indicators. We then attempted to establish an initial diagnosis evaluation system for breast CEUS.
Patients and Methods

Patient Population
The study was divided into 2 parts. Part 1, from August 2009 to March 2011, a total of 364 patients (mean age 43, range 12-78) with 382 breast lesions were included in this study. The maximum diameters of the lesions ranged from 3.5 to 43.4 mm; with a mean of (15.468.3) mm. Part 2, from April 2011 to June 2013, a total of 475 women (mean age 43 years, range 16-84 years) with 498 breast lesions were included in this study. The maximum diameters of the lesions ranged from 3.0 to 49.0 mm, with a mean of (15.768.4) mm. Ultrasonic examinations were performed 1-2 d before surgery or core biopsy. The inclusion criterion was the presence of solid breast lesions on conventional ultrasound. Patients were excluded for any of the following reasons: pregnancy, or breast-feeding, and any previous treatment or interventional diagnosis (BI-RADS VI). All of the 839 patients met the above criteria. The study was approved by the institutional ethics committee of Sun Yat-sen Memorial Hospital, and written informed consent was obtained.
Ultrasonic Equipment
HV900 (Hitachi Medical, Tokyo, Japan) and iU22 (Philips Medical Systems, Bothell, WA, USA) ultrasonic scanners were used for ultrasonic examinations. CEUS was performed using an iU22 with a 9-3 MHz linear transducer (L9-3) and the contrast agent Sono Vue (Bracco Imaging B.V., Geneva, Switzerland). HV900 was used for elastography.
Ultrasonic Examination
Conventional ultrasound. All examinations were performed by the same sonographer, who had 20 years of experience with breast ultrasound. Bilateral breast ultrasonic scanning was performed to detect possible lesions. Once a breast lesion was detected, the following data were recorded: location, maximum diameter, 2D characteristics, and color Doppler characteristics. The 2D characteristics included shape, margin, inner echo and posterior echo, among others. To improve the detection of slow blood flow in lesions, a low velocity scale and low wall filter were used.
Elastography. The probe was placed gently and accurately on the breast surface. The ROI (region of interest) was chosen to cover not only the lesion but also the surrounding tissues. A pressure bar indicating a stable 3,4 mark represented a satisfactory operation. If the lesion was superficial (located within a depth of 5 mm from the skin), more gel was applied on the skin to increase the distance between the probe and the lesion to obtain more accurate results. All lesions were scored according to the established 5-point scoring system [11] . Only the cases in part 2 were examined by elastography.
Contrast-enhanced ultrasound. The plane of a lesion with rich blood or the most irregular shape was chosen as the CEUS target plane. Dual image mode was applied to locate the lesion accurately during the whole procedure. This mode is particularly useful when the lesion is too small to detect. The mechanical index was set at 0.06. The contrast agent was prepared according to the commonly used method. Briefly, 59 mg powder of Sono Vue powder was mixed with 5 ml of saline water followed by shaking to generate the contrast reagent suspension. The contrast agent was administered into the antecubital vein via a 20-gauge cannula. CEUS examination was performed after a bolus injection of 4.8 ml of contrast agent manually via the intravenous cannula, followed by injection of 5-10 ml of saline water. Real-time images were recorded for up to 180 s for further analysis. The selected plane remained unchanged during the examination. The probe was placed gently on the skin to avoid exerting pressure on the lesion, particularly when the lesion was superficial. When evaluating the enhancement patterns of breast lesions, it is recommended to include both the lesion and surrounding tissues in the CEUS image. Therefore, for the lesions with a maximum diameter of more than 40 mm, a 5-to 2-MHz transducer was selected. 5 cases in part 1 and 8 cases in part 2 were examined in this manner. The patients were told to remain still and attempt to maintain eupnea during the examination to minimize motional artifacts.
Image analysis
All images were read by two sonographers with a minimum of 8 years of experience with breast ultrasound and 2 years of experience with breast CEUS. Both the sonographers were blinded to patients' clinical data and final pathological results. Part 1. All enhancement patterns of the 382 breast lesions were analyzed by using MVI software equipped in iU22. With this software, subtle changes in each frame could be accurately detected, and enhancement patterns could be observed carefully. A total of 10 features were identified for enhancement patterns: X1, enhanced time compared with surrounding breast tissue (earlier, synchronous or later); X2, enhanced intensity compared with surrounding breast tissue (hyper-enhanced, iso-enhanced, or hypo-enhanced); X3, enhanced direction (centripetal, centrifugal, or diffuse enhancement); X4, internal homogeneity of the lesion (homogeneous or heterogeneous); X5, margin of the lesion after enhancement (clear or not); X6, shape of the lesion (regular or irregular); X7, ring-like enhancement; X8, scope of the lesion (compare the maximal diameter of the lesion in CEUS image with the one in 2D image) [30] ; X9, crab claw-like pattern; and X10, perfusion defect. Both doctors provided their opinions. Consensus was reached through discussion if there was any controversy.
Part 2. We attempted to establish a 5-point scoring system to simplify breast CEUS analysis. The basis of this system is our part 1 study and a literature review. The scoring system is detailed as follow. A score of 1 indicates no enhancement in the lesion, with a clear borderline separating the lesion from the surrounding tissue. A score of 2 indicates that the lesion displayed iso-and synchronous enhancement with the surrounding tissue, without a clear outline in the contrast-enhanced image. A score of 3 indicates that the lesion exhibits earlier enhancement compared with the surrounding tissue, homogeneous or heterogeneous, with a clear margin (sometimes with ring-like enhancement). The scope of the lesion is almost identical to that shown in 2D image. The shape of the lesion is regular: round or oval. A score of 4 indicates that the lesion displays earlier enhancement than the surrounding tissue, usually heterogeneous. The scope of the lesion in the contrast-enhanced image is larger than in the corresponding 2D image, but the lesion still displays a clear margin, with/without a perfusion defect in the lesions and without crab claw-like enhancement. The shape of the lesion is always irregular. A score of 5 indicates that the lesion is heterogeneously enhanced, with a larger scope (compared with that of 2D image), earlier enhancement, and with/without perfusion defect, particularly with a typical crab claw-like enhancement and an unclear margin. The shape of the lesion is always irregular (Figures 1-5 ). All lesions in this study were scored according to this system. Statistical analysis SPSS 16.0 software (SPSS Inc. Chicago, IL, USA) was used for statistical analysis. For the qualitative analysis in part 1, Chisquare tests were used to examine whether there were significant differences between the enhancement patterns of benign and malignant lesions. Logistic regression was used to identify the useful parameters in the differential diagnosis of breast lesions. For the qualitative analysis in part 2, a ROC curve was constructed to evaluate the diagnostic value of this scoring system. A critical value was generated based on this curve. The diagnostic accuracy, specificity and sensibility were calculated. A Z test was also conducted to compare the AUC between this scoring system and the established elastography scoring system using Medcalc software (version 9.6.4.0). The AUC between this scoring system and BIRADS were also compared. P,0.05 was considered significant.
Pathology analysis
All patients underwent surgery or core biopsy 1-2 days after the ultrasonic examinations. The pathology findings were used as the final diagnostic standard.
Results
Pathological results
There were totally 382 lesions in part 1, in which 247 cases were benign and 135 cases were malignant. There were a total of 498 lesions in part 2, of which 291 were benign and 207 were malignant. The results are summarized in Table 1 and 2.
Qualitative analysis
For part 1 of the study, 10 features of enhancement patterns were observed. Chi-square tests indicated that the differences in the enhancement patterns between malignant and benign lesions were statistically significant (P = 0.000). Logistic regression was performed to identify parameters that were important in differentiating breast lesions. Three independent variables were identified in the final step of the logistic regression analysis forward model: scope, margin, and shape.
The model was as follows: logit (P) = -2.408+2.19968+1.52765+1.79366. The likelihood ratio test was used to evaluate the fit of the whole model. The fit was significant (x 2 = 189.876, P = 0.000). The model was used to predict the malignancy of the 382 breast lesions. When the regression P value is greater than 0.5, the model predicts a malignant tumor and when the regression P value is less than or equal to 0.5, the model predicts a benign tumor. The accuracy was 85.9%.
The probability of a breast lesion being malignant was predicted by the logistic model. A ROC curve was constructed for the predictive value. The area under the ROC curve (Az) was used to evaluate goodness of fit of this model. The Az was 0.85260.036, with P,0.001. These results indicate a good model.
For part 2 of the study, each lesion was evaluated using BIRADS, elastrography, and contrast-enhanced ultrasound (Table 3 and 4). A ROC curve was constructed for the 5-point scoring system of breast CEUS. The AUC was 0.912. The critical value was between 3 and 4. The Youden Index was 0.824. A score of 1-3 represents a benign tumor, whereas a score of 4-5 represents a malignant tumor. The diagnostic accuracy, specificity, and sensitivity of this scoring system were 90.8%, 88.7%, and 93.7%, respectively. The diagnosis accuracy, specificity, and sensitivity of elastography were 87.1%, 88.0%, and 86%, respectively. A ROC curve was constructed for the elastography scoring system. The AUC was 0.892. The difference between the two scoring systems was not significant (Z = 1.374, P = 0.17). The diagnosis accuracy, specificity, and sensitivity of BIRADS were 80.7%, 71.1%, and 94.2%, respectively. A ROC curve was constructed for BIRADS. The AUC was 0.827. The difference between the two scoring systems was significant (Z = 3.809, P,0.001) (Figure 6 ). Discussion CEUS has been applied clinically for years. Its diagnostic accuracy for the differentiation of liver tumors is comparable to that of contrast-enhanced CT/MRI [12] . However, the effectiveness of CEUS in breast lesion diagnosis is still under consideration.
So far as we know, there is no clear diagnostic criteria for breast CEUS, which restricts its application. Therefore, we analyzed the enhancement patterns of breast lesions and tried to propose a scoring system. In part 1, 10 features of the enhancement patterns were observed, and three of these features were identified by the forward logistical model: scope, margin, and shape. This indicates that breast lesions with a larger scope, unclear margin, and irregular shape in contrast-enhanced mode were more likely to be malignant. Previous studies have concluded that gray-scale ultrasound is a reliable method for determining tumor size and is superior to mammography [31] . However, the scope is always underestimated by gray-scale ultrasound compared with pathological specimens [32] [33] [34] [35] . Most of these underestimate cases involved intraductal carcinoma or diffuse multicenter carcinoma [36] [37] [38] . Van et al. demonstrated that breast CEUS is a more accurate technique than gray-scale ultrasound for breast lesion size measurement [39] ; this conclusion was confirmed by our study. In contrast-enhanced mode, the scope of the malignant lesion was markedly larger than the scope indicated in 2D mode [40] . This phenomenon might be associated with histopathology of malignant lesion. First, 60-70% of the breast cancers were invasive ductal carcinoma, and 85% of the invasive ductal carcinoma composed of carcinoma in situ and invasive carcinoma. Carcinoma in situ is located in the surrounding part of the lesion. If the surrounding part of the lesion in 2D image is without calcification and local ductal dilation, it cannot be detected. In addition, adenosis surrounding malignant lesions may be hypervascular, which increases the scope in contrast-enhanced mode [30] . Although a larger scope was used to indicate malignancy, not all lesions with a larger scope were malignant. Inflammatory lesions also displayed larger scope in contrast-enhanced mode because of the infiltration of inflammatory cells. Unlike benign tumors, malignant tumors were nonencapsulated, with a tendency to infiltrate. Therefore, in contrast-enhanced images, the malignant tumors were irregular, with an unclear margin.
Although not predicted by the logistic regression model, other features were also important for differential diagnosis. For example, a crab claw-like pattern is supposed to be a relatively typical enhancement pattern for malignant tumors [41] . This pattern, which is due to the presence of tortuous vessels, was clearly depicted in contrast-enhanced mode. Malignant lesion cells secrete a variety of angiogenesis factors, particularly VEGF, that promote newborn vessel formation in and, in particular, around the lesions. Vascular endothelial cell around the tumor highly expressed receptor for VEGF [42] [43] . Histological and electron microscopic studies have indicated that microvessels are located around lesions than in lesions. This may be the pathophysiological basis of the crab claw-like pattern. The presence of radial or penetrating vessels may be one manifestation of tumor invasion [44] . However, claw crab-like enhancement was not required for the diagnosis or exclusion of malignant lesions. Some inflammatory lesions may also display this specific type of enhancement, such as granulomatous mastitis.
A ring-like enhancement pattern was regarded as a typical pattern of benign lesions. Some benign lesions have an intact capsule, which is called a true envelope. In addition, some benign lesions have a false capsule due to the expansion effect of the lesion. In contrast-enhanced mode, the blood supply of the true capsules could be clearly observed as ring-like enhancement pattern. Whereas the lesions with a false capsule only displayed a clear border in contrast images without ring-like enhancement.
A perfusion defect was also an important index for evaluation. Malignant lesions grow faster than benign lesions, and vascular formation and nutrition supply are relatively insufficient. Therefore, part of the tumor may become hypoxic and necrotic [45] . Thus, perfusion defects are often observed in malignant tumors. The vessels of benign lesions are distributed evenly in the lesions. Therefore, necrosis is rarely observed.
Various studies have confirmed that CEUS is advantageous for differentiating breast tumors. However, a systemic evaluation has not been performed. Based on part 1, a scoring system was proposed. All lesions in part 2 were scored according to this system. The ROC curve was generated, and the diagnosis value was set between 3 and 4.
A total of 20 lesions with a score of 1 were all benign lesions: 2 epidermoid cysts and 18 fibrocystic mastopathies. The lesions all displayed ring-like enhancement without inner enhancement. On sonography, simple cysts are easy to diagnose. It's classifies as BI-RADS category II based on the assumption that there is less than a 2% probability of malignancy. Complicated cysts are characterized by homogeneous low-level internal echoes and may have a layered appearance. Sometimes, it is difficult to differentiate these cysts from solid lesions. They are categorized as BI-RADS 4, which indicates the need for further intervention. When the lesion is irregular and hard, it mimics a malignant lesion. In this situation, CEUS is useful (Figure 7) . When the solid component lacks a blood supply, it could be considered benign. An annual follow-up is adequate, and no further intervention is needed in such a situation [46] .
Of the 104 lesions with a score of 2, 4 were malignant, whereas 100 were benign. A score of 2 indicates that the enhancement pattern of the breast lesion was the same as that of the surrounding breast tissue. In the contrast-enhanced mode, the outline of the lesion could not be delineated. Sono Vue is a true blood agent.
The effective vessel diameter from which an echo can be detected is in the capillary range. In our study, we inferred that the blood supply of breast lesions with a score of 2 were the same as that of adjacent breast tissue, and therefore these lesions could not be detected in contrast-enhanced mode. These lesions had the potential to be benign because abnormal vessels were not detected. We correctly diagnosed 100 breast lesions with 4 misdiagnoses. Three were ductal carcinoma in situ and 1 was invasive ductal carcinoma. All three ductal carcinoma in situ lesions were categorized as BI-RADS 4B and displayed an elasticity score of 4. According to their 2D characteristics and elastography, they were correctly diagnosed. They were only mistaken as benign by CEUS (Figure 8 ). Low-grade carcinoma in situ can depend on normal surrounding vessels for oxygen and nutrition, without eliciting abnormal vessel generation [47] . The lack of malformed neovascularity led to the misdiagnosis. The invasive ductal carcinoma was categorized as BI-RADS 3 with an elasticity score of 3. Not all the lesions demonstrate typical features in imaging. Thus, misdiagnosis is inevitable.
Of the 147 breast lesions with a score of 3, 9 were misdiagnosed; eight of these cases were postmenopausal patients. Their breasts were composed of predominately fat rather than glandular tissue. The lesions were located within the fat with little adjacent breast glandular tissue. In contrast-enhanced mode, these lesions were all hyper-enhanced with a clear border and regular shape. No tortuous vessels were observed. Therefore, they were all misdiagnosed as benign. One case was mucinous carcinoma. Pathological findings confirmed the existence of a pseudocapsule that produced a ring-like enhancement pattern, which may have caused the misdiagnosis ( Figure 9 ). However, all 9 lesions were categorized as BI-RADS 4B. Two cases were scored as 1, and 1 case was scored as 3, whereas 6 cases were scored as 4 by elastography.
Once a lesion displayed a larger scope in contrast-enhanced image, it was scored 4 or above. And the lesion was diagnosed as malignant by our algorithm. The presence of the crab claw-like enhancement pattern was the main difference between the score 4 and 5 groups. These results further verified that the crab claw-like pattern is a relatively typical enhancement pattern of malignant lesions.
In total, there were 33 false positive cases in our study. 31 of them scored 4, while 2 scored 5. A total of 9 benign lesions with a score of 4 were mastitis: 7 cases were categorized as BI-RADS 4B, 1 as BI-RADS 4A, and 1 as BI-RADS 4C. By elastography, 6 of the 9 cases were scored as 2, 1 case was scored as 3, and 2 cases were scored as 4. The misdiagnosis might be due to the underestimation of infiltration of inflammatory cells by conventional US. As a result, the scope of mastitis in contrast-enhanced mode was larger than in gray-scale mode. A total of 12 benign cases with a score of 4 were hypervascular fibroadenomas. Intratumoral epithelial hyperplasia is common in fibroadenomas of young women and results in an enhancement pattern overlapping that of a malignant lesion [48] . The other 10 lesions included 5 fibrocystic mastopathies, 4 intraductal papillomas, and 1 cystosarcoma phyllodes (Grade I). We could not determine the reason for the misdiagnosis in these cases. The pathology of 2 benign lesions scored 5 was granulomatous mastitis. Both were categorized as BI-RADS 5 with an elasticity score of 4. This disease is rare. The etiology is unclear, and may be associated with autoimmunity. The lack of experience with the disease is the major reason for the misdiagnosis.
We compared the diagnostic efficacy of this scoring system with that of elastography, which has been previously verified to be useful in the differential diagnosis of breast tumors. The difference in diagnostic efficacy between the two methods was not statistically significant. This encouraging result suggests that this new scoring system will be useful in the future. Figure 8 . A lesion was categorized as BIRADS 4B, with a score of 4 by elastography, and with a score of 2 by CEUS 5-point scoring system. The pathological result of the lesion was ductal carcinoma in situ. doi:10.1371/journal.pone.0105517.g008 Figure 9 . A lesion was categorized as BIRADS 4B, with a score of 1 by elastography, and with a score of 3 by CEUS 5-point scoring system. The pathological result of the lesion was mucinous carcinoma. doi:10.1371/journal.pone.0105517.g009
As shown in Table 3 and 4, 2D ultrasound had high sensitivity but low specificity, which impaired its overall accuracy. Compared with BI-RADS, the diagnostic specificity was elevated by our scoring system. And the sensitivity was not affected. Breast lesions included in this study were lesions in category 3, 4, and 5 according to the BI-RADS ultrasound lexicon. A total of 46 cases were misdiagnosed by our algorithm in this study. There were two lesions in category 5, one lesion in category 3 and 43 lesions in category 4. Among 43 cases, 12 malignant lesions were missed while 31 benign lesions were over diagnosed. Lesions in category 4 would have an intermediate probability of cancer, ranging from 3 percent to 94 percent. In general, Category 4 lesions require tissue sampling [49] . Previous study reported that heterogeneity, partially indistinct margin, and microlobulation are the most frequent suspicious findings leading to classifying a benign lesion as BI-RADS 4 [50] . If clinicians rely only on 2D ultrasound, excessive biopsies may be performed, consequently eliciting undesirable anxiousness in patients. With contrast-enhanced ultrasound, we hoped to elevate the diagnostic efficacy of breast lesions especially those in category 4. A total of 345 breast lesions in category 4 were included in our research, of which 302 were correctly diagnosed by our algorithm. The diagnostic accuracy was 88.4%. It demonstrated that our algorithm was useful for further differentiation of breast lesions in category 4. However, as we know, the 2D characteristic of untypical benign or malignant breast lesions may mimic each other. So do their blood supply. In our study, we found that enhancement patterns of some breast lesions in category 4 could be very untypical. These lesions were difficult to be correctly diagnosed in the initial research. Another reason for misdiagnosis might be lack of experience. Additional studies are required to analyze untypical enhancement patterns and further improve this scoring system.
Study Limitations
There were few pathological types of malignant tumors in our study. Most malignant tumors were invasive ductal carcinomas. In our study, we usually chose the plane with rich blood supply or irregular shape for CEUS. The plane remained unchanged during the whole procedure. A single plane may not represent the whole lesion and may result in the loss of important information. Mastitis was misdiagnosed by CEUS. Further exploration is needed to distinguish mastitis from malignant lesions. Not all enhancement patterns were included in the study because the number of cases was limited.
Conclusions
CEUS is beneficial for breast tumor differential diagnosis. The enhancement patterns of benign and malignant lesions were different. The 5-point scoring system was easy to use and displayed high diagnostic accuracy. Multicenter research is needed to improve this scoring system. It is a promising method for the early diagnosis of breast cancer, which merits further development and evaluation.
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